Nucleoplasmin (NP) is an abundant histone chaperone in vertebrate oocytes and embryos involved in storing and releasing maternal histones to establish and maintain the zygotic epigenome. NP has been considered a H2A-H2B histone chaperone, and recently it has been shown that it can also interact with H3-H4. However, its interaction with different types of histones has not been quantitatively studied so far. We show here that NP binds H2A-H2B, H3-H4 and linker histones with K d values in the subnanomolar range, forming different complexes. Post-translational modifications of NP regulate exposure of the polyGlu tract at the disordered distal face of the protein and induce an increase in chaperone affinity for all histones. The relative affinity of NP for H2A-H2B and linker histones and the fact that they interact with the distal face of the chaperone could explain their competition for chaperone binding, a relevant process in NP-mediated sperm chromatin remodelling during fertilization. Our data show that NP binds H3-H4 tetramers in a nucleosomal conformation and dimers, transferring them to DNA to form disomes and tetrasomes. This finding might be relevant to elucidate the role of NP in chromatin disassembly and assembly during replication and transcription.
1
. Histone chaperones bind these basic ligands to store or escort them to their final destinations 2 , and to modulate the post-translational modifications that regulate their chromatin remodelling activity [3] [4] [5] [6] . Nucleoplasmin (NPM2, here called NP), a member of the nucleophosmin/nucleoplasmin family of histone chaperones 7 , is involved in H2A-H2B storage and chromatin remodelling 8 . NP forms stable homopentamers comprised of 22 kDa subunits that fold into a two domain structure ( Fig. 1A) : an eight-stranded β -barrel N-terminal core domain (residues 16-120) with a jelly roll topology (Fig. 1B ) 7, [9] [10] [11] [12] , and the C-terminus tail that adopts a disordered conformation 13 . NP contains three acidic tracts, A1, A2 (or polyGlu) and A3, the last two being part of the C-terminal intrinsically disordered domain (Fig. 1A ) that builds the so-called distal face of the protein pentamer (Fig. 1C ). This domain also contains the positively charged, bipartite nuclear localization sequence (NLS) (Fig. 1A ) 7, 14, 15 . Post-translational modifications (PTMs), in particular phosphorylation, of NP activates its chromatin decondensation activity, enhancing its ability to remove linker histones from DNA 16, 17 , and increases its affinity for H2A-H2B and H5 18, 19 . NP co-immunoprecipitates not only with H2A-H2B but also with H3-H4 in Xenopus oocyte and egg extracts, suggesting that it can interact with both histones 20 . Electron microscopy (EM) analysis of full-length, native NP from Xenopus laevis eggs (eNP), isolated and in complexes with H2A-H2B, H3-H4 or histone octamers shows the highly acidic distal face of the chaperone contacting all types of histones 19, 20 . Interestingly, the interaction of eNP with H2A-H2B, H3-H4 or the histone octamer results in different complexes. As seen by EM and analytical ultracentrifugation, one eNP pentamer can bind 5 H2A-H2B dimers at the distal face, whereas a larger ellipsoidal complex is formed with the H3-H4 tetramer either alone or as part of the histone octamer, in which the basic ligands are wrapped by the distal faces of two NP pentamers 20 .
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Furthermore, the NP distal face also binds linker histones H1 and H5 and linker-related, sperm-specific basic proteins (SSBP) 17 . Thus, NP shares with other histone chaperones the capacity to bind several histone ligands, a property that is probably related to the distinct biological processes these proteins are involved in 5, [21] [22] [23] . For instance, NP has been proposed to play a role in histone storage in the oocyte, decondensation of sperm chromatin after fertilization, replication licensing, and nucleosome assembly in early embryonic cells 15, 24 . NP could interact with different histone partners in these processes, being able to distinguish them as suggested by the distinct complexes they form.
In this study, we have characterized the affinity of NP isolated from X. laevis oocytes (oNP) or eggs (eNP) and of full-length and truncated forms of recombinant NP (rNP) (Fig. 1A) for linker (H1 and H5) histones, H2A-H2B dimers, and H3-H4 dimers and tetramers. It should be noted that the affinity of NP isolated from natural sources for its basic ligands and the interaction of this chaperone with H3-H4 have not been yet characterized. We aim to understand how PTMs modulate NP affinity for the different types of histones and the protein regions that stabilize the different chaperone/histone complexes. Our data show that natural NPs (eNP and oNP) carrying several PTMs bind core histones with apparent affinities in the subnanomolar range, whereas the affinity of non-phosphorylated recombinant protein (rNP) for core histone dimers (H3-H4/H2A-H2B) is 65-120-fold lower. The mechanism by which PTMs modulate NP affinity for histones most likely involves exposure of the polyGlu (A2) tract, as deletion of the last 50 residues of the C-terminal domain restores the affinity of the recombinant protein to values similar to those of natural NPs. We also find that NP binds both association states of H3-H4, and that the chaperone-bound tetramer adopts a nucleosomal conformation that can be transferred to DNA. We suggest that formation of stereospecific NP/histone complexes could be related to the role of NP in and rNPΔ 120-200 used in this study. The core (residues 1-120; light gray) and tail (residues 121-200; white) domains are also shown. Phosphorylation sites (circles) and the location of the three acidic tracts (A1, A2, A3; black boxes) and the NLS (dark grey box) are highlighted. (B) Crystal structure of the N-terminal core domain of one NP monomer (amino acids . The location of the A1 acidic tract (dotted line), and of the distal, and lateral protein faces is indicated (PDB 1K5J). (C) Electron microscopy reconstruction of eNP. Side view of the final volume of the three-dimensional reconstruction of eNP 19 .
chromatin disassembly and assembly, which could mediate recovery of nucleosomes that must be transiently disrupted to allow passage of DNA and RNA polymerases
Results
Regulation of the interaction of NP with H2A-H2B dimers. Although the role of NP as a H2A-H2B histone chaperone is widely recognized, the effect of PTMs on histone binding has not been quantitatively characterized yet. Special care was taken to preserve the phosphorylation state of both natural NP species during the purification procedure. The different phosphorylation of rNP, oNP and eNP was confirmed by their distinct migration in SDS-and Native-PAGE 13, 20 . Using a fluorescence-based method 25 , we determine herein the affinity of natural and key mutant NPs for H2A-H2B dimers. The fluorescence intensity of H2A-H2BT112C-Alexa 488 increased in the presence of NP at 0.15 M NaCl but not at 2M salt, conditions that precluded the interaction ( Supplementary Fig. 1A ). Fluorescence enhancement arises most likely from a change in the chemical environment of the fluorophore due to a conformational change of the ligand upon complex formation. This interpretation is supported by the similar increase in the fluorescence intensity of H2A-H2B in 2 M NaCl, which was not sensitive to NP (Supplementary Fig. 1A ). The apparent affinity of H2A-H2BT112C for different NP variants was estimated by measuring the fluorescence intensity at increasing NP concentration ( Fig. 2A; eq. 1). It was previously shown that labelling H2A-H2BT112C with Alexa 488 did not affect assembly of the NP/core histone Table 1 . (B) Determination of the saturation stoichiometry of the NP/H2A-H2B complexes. Normalized change in the fluorescence intensity (Eq. 1) as a function of the NP pentamer/H2A-H2BT112C-Alexa molar ratio. The intersection of the linear phase with the plateau gives the molar ratio at which pentameric eNP (filled circles), oNP (empty circles), rNPΔ 150-200 (gray squares), and rNP (filled diamonds) are saturated with H2A-H2BT112C. (C) Fluorescence competition assays in which complexes of eNP (0.1 nM)/ H2A-H2B-Alexa 488 (1 nM) are competed with increasing concentrations of unlabelled H1 (filled circles) or H5 (empty circles). Controls of the fluorescence intensity of H2A-H2BT112C-Alexa 488 alone (gray circles), and in the presence of 0.3 μ M H1 (filled squares), 0.3 μ M H5 (empty squares) or 0.1 nM eNP (gray diamonds). D) Normalized fluorescence change (Eq. 1) of eNP/ (circles) or rNP/H2A-H2BT112C-Alexa (squares) complexes titrated with increasing concentrations of unlabelled H1 (filled symbols) or H5 (empty symbols). NP and H2A-H2BT112C-Alexa concentrations were 0.1 and 1 nM, respectively for the eNP/H2A-H2B complex, and 0.5 and 5 nM for the rNP/H2A-H2B complex. Experimental data were fitted to eqs. 6 and 7. Values of the mean ± SEM from three independent experiments are shown. The apparent K d values are shown in Table 1 . complexes 20 . Experimental data were fitted to the ligand-depleted binding model described in Materials and Methods (Eqs. 2 and 3), which gave the K d values included in Table 1 . Comparison of these values indicates that the apparent affinity of H2A-H2BT112C-Alexa dimer for both natural NPs (oNP and eNP) was similar and in the subnanomolar range, whereas that for rNP was 65-120 times lower. This finding demonstrates that PTMs, particularly phosphorylation, regulate the affinity of NP for H2A-H2B, as it was suggested using phosphomimetic mutants 18 . To analyse the contribution of the core and tail domains to chaperone affinity, we used two truncated chaperone variants that lack the last 50 residues (rNPΔ 150-200) or the whole C-terminal domain (rNPΔ 120-200) (Fig. 1A) . Deletion of the last 50 residues at the C-terminus, which contains the positively charged NLS, recovered the affinity of the recombinant protein to levels comparable to those of the phosphorylated natural proteins, whereas the affinity of the NP core (rNPΔ 120-200) was only 1.5-fold lower than that of rNP ( Fig. 2A and Table 1 ). These data point out that exposure of the polyGlu tract upon elimination of the last 50 residues of the tail domain regulates the affinity of NP for H2A-H2B. The apparent saturation stoichiometry of the eNP/ and rNPΔ 150-200/H2A-H2B complexes was 5, in agreement with previous studies 19 , whereas for oNP and rNP it dropped to 3 and 2, respectively (Fig. 2B ). This suggests that the binding capacity of NP can also be regulated by two different, but most likely related -see discussion-, mechanisms: phosphorylation of the native proteins and exposure of the polyGlu tract in the recombinant species.
Linker histones outcompete H2A-H2B for NP binding: consequences for nucleosome assembly.
It has been previously shown that eNP remodels the chromatin from somatic nuclei and Xenopus sperm by extracting H1/H5 and SSBP, respectively 3, 15, 17, 24 . This reflects the ability of NP to interact with these three types of linker histones. Indeed, we show using an in vitro assay with Xenopus spermatic DNA incubated with preformed NP/H2A-H2B complexes, that natural NPs and rNPΔ 150-200 completely dissociated the SSBP from DNA ( Supplementary Fig. 2A ,B) and simultaneously mediated nucleosome assembly ( Supplementary Fig. 2C ). In contrast, neither rNPΔ 120-200 nor rNP significantly removed SSBPs or assembled nucleosomes. To explore whether the chaperone affinity for linker histones and H2A-H2B could explain this finding, we performed competition experiments in which NP/H2A-H2BT112C-Alexa 488 complexes were titrated with unlabelled H1 or H5 (Fig. 2C,D) . Addition of either H5 or H1 induced a decrease in the fluorescence intensity of the preformed complex, indicating that linker histones outcompeted H2A-H2B for NP binding. The apparent K d values obtained using eqs. 6 and 7 for the interaction of H1 and H5 with eNP were 0.07 and 0.03 nM, respectively, values similar (for H1) or slightly lower (around 2-fold for H5) than those estimated for H2A-H2B ( Fig. 2D and Table 1 ). The apparent affinities of both linker histones for eNP were 24-fold higher than for rNP (K d = 0.7 and 1.7 nM), in accordance with ITC data showing a similar increase in the affinity of a phosphomimetic recombinant protein variant for H5 18 . These data support the proposals that PTMs modulate the affinity of NP for linker histones and that binding of SSBPs to the eNP/H2A-H2B complex, which occurs during sperm chromatin decondensation, could be coupled to the transfer of eNP-bound H2A-H2B to the tetrasome during nucleosome assembly 15, 26 . They thus indicate that NP-mediated histone exchange regulates the chaperone remodelling activity, which in turn depends on PTMs.
NP binds both H3-H4 dimers and tetramers with high affinity. Although the existence of NP/ H3-H4 complexes in extracts of X. laevis eggs and oocytes has been recently demonstrated 20 , neither the affinity nor the stoichiometry of these complexes has been quantitatively determined. This would be essential to understand the role of NP as a H3-H4 histone chaperone. To quantitatively characterize the interaction, we carried out fluorescence titration experiments. As aforementioned for H2A-H2B, labelling of H3C110A-H4T71C with Alexa 488 did not affect complex formation with NP 20 . In contrast to what was obtained for H2A-H2B, the interaction of H3-H4 with eNP induced a biphasic fluorescence intensity change (Fig. 3) . At NP/H3-H4 molar ratios lower than 1/2 the fluorescence decreased with increasing NP concentrations and partially recovered at higher molar ratios up to 1, where it reached a constant value. This behaviour might be due to the interaction of NP with H3-H4 tetramers or dimers at NP/histone molar ratios lower or higher than 1/2, respectively. As previously published Native-PAGE analysis of the eNP/H3-H4 samples showed the presence of low and high molecular weight bands, the latter being evident at molar ratios lower than 1/2 ( Supplementary Fig. 3A ), which reveals the existence of at least two major distinct assemblies. To prove the above hypothesis, we measured the interaction of NP with H3C110E-H4T71C, a predominantly dimeric histone variant 27 , and with cross-linked H3C110AK115C-H4T71C tetramers 28, 29 . In accordance with this hypothesis, the fluorescence of dimeric H3-H4 increased in the presence of NP whereas that of cross-linked H3-H4 tetramers decreased (Fig. 3) , explaining therefore the interaction of natural H3-H4 with the chaperone.
To estimate the apparent affinity of the two association states of H3-H4 for NP, dimeric H3C110E-H4T71C and the cross-linked, tetrameric variant, both labelled with Alexa 488, were titrated with natural and recombinant NPs. The fluorescence intensity of the dimeric mutant increased upon addition of NP at 150 mM NaCl and slightly decreased at 2 M salt ( Supplementary Fig. 1B) . Fitting of the experimental data with a ligand-depleted binding model that considers two potential binding sites in NP for H3-H4 dimers ( Fig. 4A ; eqs. 4 and 5) yielded the apparent K d values included in Table 1 . As shown above for H2A-H2B, the apparent affinity of eNP for dimeric H3-H4 is 2-fold and 65-fold higher than those of oNP and rNP, respectively (Table 1) , thus suggesting that PTMs also modulate the affinity of NP for dimeric H3-H4. The similarity between the affinities of NP for the two types of core histones extends to the inhibitory effect of the last 50 residues on the interaction ( Fig. 4A and Table 1 ). Further deletion of the polyGlu tract in the rNPΔ 120-200 mutant caused an abrupt drop in affinity, as seen by a five orders of magnitude increase in the apparent K d value ( Fig. 4A and Table 1 ). Interestingly, this polyGlu-associated affinity change is significantly higher for H3-H4 than for H2A-H2B dimers. The K d values, 16 × 10 3 and 11 nM for H3-H4 and H2A-H2B dimers, indicate that the NP core binds H3-H4 with a markedly lower affinity and thus, that the tail domain is essential to stabilize this complex ( Table 1 ). The interaction of NP with both histone dimers also differs in the stoichiometry of the complexes. Whereas eNP could bind 5 H2A-H2B dimers, it was saturated with 2 H3-H4 dimers (Fig. 4B) . In contrast to H2A-H2B, the maximum number of H3-H4 molecules that NP can bind was not sensitive to PTMs. These data suggest that NP displays a comparable affinity for dimers of both core histones in vitro, albeit it forms different complexes with them 19, 20 . The interaction of the chaperone with tetrameric H3-H4 was explored by titrating cross-linked H3-H4 tetramers with eNP and rNP (Fig. 4C) . The normalized fluorescence intensity change (Eq. 1) was analysed with a ligand-depleted binding model that considers a saturation stoichiometry of one cross-linked tetramer per NP pentamer (see below). The apparent affinity of the H3-H4 tetramer for eNP was only slightly higher, around 2-fold, than for rNP ( Fig. 4C and Table 1) , and both NP pentamers can accommodate under saturation conditions one cross-linked tetramer (Fig. 4D) . The apparent molecular mass of this complex derived from Native-PAGE, around 440 kDa, was similar for samples composed of cross-linked H3-H4 tetramers or low NP/native H3-H4 molar ratios ( Supplementary Fig. 3A,B) . As suggested by EM, these high MW complexes are formed by two NP pentamers and four H3-H4 dimers, at least two forming a tetramer, placed at the centre of the ellipsoidal particle 20 . In contrast, the low MW would contain one NP pentamer and two H3C110E-H4T71C dimers (Fig. 4B) . Another difference observed between these complexes is their ionic-dependent stability. Whereas complex formation with dimeric H2A-H2B or H3-H4 was hampered at 2 M NaCl ( Supplementary Fig. 1A,B) , a similar decrease in fluorescence intensity was detected regardless of the ionic strength of the medium when eNP is incubated with cross-linked H3-H4 tetramers ( Supplementary Fig. 1C ). This suggests that electrostatic contacts stabilize the complex of NP with dimeric histones, whereas hydrophobic and/or hydrogen bonding interactions might explain the persistence of the eNP/H3-H4 tetramer complexes at high ionic strength. This interpretation would also explain the higher affinity of eNP, but not rNP, for dimeric H3-H4. Cross-linking of the H3-H4 tetramer might induce conformational rearrangements in the histone that could expose hydrophobic surfaces responsible for its lower affinity for the highly charged, phosphorylated eNP. Association state and conformation of NP-bound H3-H4. The association state of eNP-bound H3-H4 was analysed by FRET using H3-H4T71C labelled with Alexa 350, which would act as donor, or Alexa 488, which would be the acceptor molecule provided that the distance between both probes is shorter than R o , 50 Å for this pair (Fig. 5 ). FRET will be only observed when the H3-H3′ dimer interaction surface places the donor and acceptor probes close enough, a situation that only occurs for the tetrameric histone conformation 30 . FRET would cause a decrease and increase of the donor and acceptor fluorescence intensities, respectively, as it was observed for H3C110A-H4T71C in the presence of 2 M NaCl (Fig. 5A ) and more markedly when bound to the chaperone at eNP pentamer/H3-H4 dimer molar ratios lower than 1/2, or in others words when NP is saturated and the high MW complex appears (Fig. 5A,C) . These spectral changes were not detected for dimeric H3C110E-H4T71C under the same experimental conditions (Fig. 5B,C) . These data suggest that H3C110A-H4T71C-Alexa bound to the chaperone or at 2 M NaCl adopts a compact structure compatible with a tetramer. In stark contrast, the F A /F D values obtained for dimeric H3C110E-H4T71C-Alexa indicate that this mutant does not form a stable tetramer neither in 2 M salt nor bound to eNP (Fig. 5B,C) .
To further characterize the association state of NP-bound H3-H4, we performed cross-linking experiments using the H3K115C-H4T71C variants that harbour a cysteine, C115, close to the H3-H3′ interacting surface and the cross-linker BMOE. This cross-linker covalently attaches cysteine residues of two dimers, forming a H3-H3′ adduct if 115C-115C´ residues are closer than 8 Å, a situation that occurs when they form a tetramer 28 . Cross-linking of eNP/H3C110A-H4 complexes obtained at different chaperone/histone molar ratios revealed that a H3-H3′ adduct was formed when the eNP pentamer binds two H3-H4 dimers, yielding the large MW complex ( Fig. 6A) . At higher NP/H3-H4 molar ratios, when the probability of two H3-H4 dimers bound to the same NP pentamer is low, cross-linking was not detected (Fig. 6A) . The assignment of this band to H3-H3′ has been made considering the cross-linking of isolated histones at 0.15 M NaCl and 1 μ M dimer concentration (Fig. 6A) . Cross-linked samples were analysed by denaturing NuPAGE, followed by western blot with anti-H3 (Fig. 6A upper  panel) and anti-NP (Fig. 6A lower panel) , and by SDS-PAGE to assign the different adducts (Fig. 6D) . The H3-H4′ adduct observed when the histones were free in solution was not detected when they formed part of the histone octamer in reconstituted nucleosomes (Fig. 6B ) or when they were complexed with NP (Fig. 6A,B) . The absence of the H3-H4′ adduct in the nucleosome and chaperone complexes also suggests that the conformation of H3-H4 in both complexes might be similar 31 , and less heterogeneous than that of free histones in solution. Estimation of the relative amount of the H3-H3′ adduct in the eNP/H3-H4 complexes by densitometry revealed that cross-linking requires binding of two histone dimers to one NP pentamer (Fig. 6C) . The same experiment was performed with the H3C110E-H4T71C variant, whose association equilibrium is shifted towards the dimer (Fig. 6B) . In this case, eNP-bound histones failed to significantly form cross-linked species (Fig. 6B upper panel and 6C) , indicating that their formation relies on the ability of the histone dimers to tetramerize. Summarizing, FRET and cross-linking experiments indicate that NP-bound H3-H4 adopts a conformation similar to that found in the nucleosome 31 .
NP-mediated tetrasome assembly.
We next wanted to know whether NP could transfer H3-H4 to DNA to form tetrasomes and disomes. To explore this potential ability, we incubated DNA with eNP/H3-H4 complexes obtained at different chaperone/histone molar ratios, and followed formation of tetrasomes and disomes (Fig. 7) . eNP mediated transfer of both association states of natural H3-H4 to DNA, as seen by the intensity of the bands assigned to disomes and tetrasomes 32 ( Fig. 7A,B) . Chaperone-mediated deposit of cross-linked H3-H4 tetramers to DNA further supports this ability (Fig. 7C,D) .
Discussion
Histone chaperones can be grouped in two classes according to their interaction with histones. The first one includes chaperones that in vitro bind most of the chromatin related histones with similar affinities, thus being generic; although in vivo they could interact preferentially with a particular type of histone. An example of this class would be Nap1 that has been considered a H2A-H2B histone chaperone in vivo 33 and interacts in vitro with H1, H2A-H2B dimers and H3-H4 dimers and tetramers 25, 31, 34, 35 . Members of the second class bind both core histones with different affinities, as found for CAF-1 that displays an affinity for H3-H4 20-fold higher than for H2A-H2B 36 . The opposite has been described for FACT, which in vitro binds H2A-H2B 20 times better than H3-H4, and it can interact simultaneously with H2A-H2B and H3-H4 dimers during transcription 37 . NP has been considered a H2A-H2B histone chaperone, although it has also been demonstrated that it can interact with linker histones H5 and H1 17, 24 , SSBPs 17 , both association states of H3-H4 8, 20, 38 and with the histone octamer 20, 39 . Furthermore, the specificity of a chaperone for a given ligand may be regulated in vivo by PTMs or through direct competition among different basic partners. A quantitative characterization of the affinity of the different NP species used in this study for the distinct types of histones could help to understand the chaperone activity of NP, and to evaluate the role of PTMs and domain architecture in its chromatin remodelling activity.
Among the post-translational modifications that NP undergoes, which include acetylation 40 , arginine methylation and glutamylation 41 , phosphorylation has been proposed to regulate the affinity of NP for histones. It has been shown that hyperphosphorylation allows NP to compete with DNA for histone linker binding during sperm decondensation 3, 17, 40, 41 . Studies using phosphomimetic variants have also suggested that phosphorylation could modulate the affinity of NP for linker and H2A-H2B histones 18 , although a quantitative estimation of the affinity of natural hyperphosphorylated NP for the different histones has not been attempted yet. The characterization of these interactions is biologically relevant, as they have been found to occur in extracts of Xenopus eggs and oocytes 20 . Our data establish that eNP and oNP interact with linker and core histones with apparent K d values in the subnanomolar range. They also show that the affinity of the chaperone for these basic ligands is regulated by PTMs, as demonstrated by the reduction in the affinity of recombinant NP as compared with natural NPs, and by exposure of the polyGlu tract, which induce a similar increase in the affinity of recombinant rNPΔ 150-200 for core histones. NP phosphorylation has been extensively characterized 13, 41, 42 . It has been proposed that phosphorylation or deletion of the last 50 residues of the C-terminal domain might induce a similar exposure of the polyGlu tract. Phosphorylation of the full-length protein, and especially of residues flanking the positively charged nuclear localization sequence, could disrupt the interaction between this C-terminal protein region and the polyGlu tract that controls the accessibility of this negatively charged segment 43 . An increased accessibility of this negatively charged protein region could explain the expansion of the hyperphosphorylated eNP pentamer due to electrostatic repulsion among protomers within the pentamer, its ability to decondense chromatin, as compared with rNP 17 , and the recently described enhanced glutamylation of a protein variant carrying phosphomimetic mutations 41 . Exposure of the polyGlu tract upon deletion of the region containing the NLS in rNPΔ 150-200 promotes the expected recovery of the chaperone affinity for both types of histones to values characteristic of the natural phosphorylated proteins. Although additional effects from phosphorylation of the N-terminal region of the protein and other PTMs cannot be ruled out, our data suggest that phosphorylation-mediated changes in polyGlu accessibility regulates the affinity of NP for core and linker histones. Further deletion of the 30 residues of the C-terminal domain that contain the polyGlu (A2) tract in rNPΔ 120-200 reduces two and five orders of magnitude the affinity of NP for H2A-H2B and H3-H4, respectively. The slightly higher charge per amino acid estimated for H3-H4 (0.16 vs. 0.14 for H2A-H2B) 44 ,45 might explain, at least partially, this difference. The balance between ionic and hydrophobic interactions, as derived from the electrostatic dependence of NP binding to these histones, might also influence the distinct structures of the complexes. The ellipsoidal eNP/H3-H4 particle is made of two NP pentamers and 4 H3-H4 dimers 20 , while in the cup-like eNP/H2A-H2B complex each C-terminal domain of NP interacts with a histone dimer 19 . This means that only one or several C-terminal phosphorylated domains are required to bind a H2A-H2B or H3-H4 dimer, respectively. The lower apparent saturation stoichiometry observed for rNP/H2A-H2B complexes suggests that reduction of the negative charge at the non-phosphorylated, distal protein face imposes that more than one protomer are required to neutralize and bind a histone dimer. In contrast, the stoichiometry of the NP/H3-H4 complexes is not sensitive to PTMs, suggesting that the concerted action of several non-phosphorylated protomers retains the capacity to bind two H3-H4 dimers, albeit with a markedly lower affinity.
The affinity of linker histone for NP is 17 times higher than that estimated for linker DNA 46 , thus quantitatively supporting the ability of NP to remove linker histones and induce chromatin decondensation 3, 17, 24, 26, 47 . eNP, oNP and rNPΔ 150-200 in complex with H2A-H2B are able in vitro to decondense Xenopus sperm chromatin and assemble nucleosomes. This finding strongly suggests that removal of linker histones by the NP/H2A-H2B complex is coupled to core histone deposition into tetrasomes to assemble nucleosomes, a process that takes place during Xenopus egg fertilization 15, 26, 47 . The use of the same disordered NP distal face to bind both histones would favour histone exchange. The interaction of a NP pentamer with one H3-H4 dimer results in formation of a low molecular mass complex similar to those previously described with H2A-H2B under the same experimental conditions 19 . However, when NP binds two H3-H4 dimers or a cross-linked tetramer, a football-shaped particle is obtained 20 . Our results demonstrate that in this complex, eNP-bound H3-H4 adopts a tetrameric conformation similar to that found in the nucleosome. This finding could be relevant in the recycling and de novo deposition of histone dimers and tetramers during replication and transcription. A key question is whether recycling of parental histones involves the direct transfer of a H3-H4 tetramer or its splitting into two dimers that can be reassembled as a tetramer 48 . The exchange rates of H2A-H2B are at least 20-fold higher than those of H3-H4 in transcribed regions 49, 50 , suggesting that H3 and H4 have their own recycling mechanism during nucleosome remodelling 51 . It is also known that nucleosome assembly on DNA during replication and transcription involves redeposition of old H3-H4 tetramers without splitting them into dimers [52] [53] [54] . These observations are difficult to reconcile with the chaperone-induced tetramer splitting that has been described during assembly and disassembly of chromatin. Recent studies have found that persistence of the parental tetramers might be due to different modes of interaction between histone chaperones and their cargo. They show that Nap1 and Vps75, which also bind all four core histones with nanomolar affinity in vitro 25, [55] [56] [57] , stabilize the tetrasomal configuration of H3-H4 58 . An additional chaperone that binds both association states of H3-H4 is Spt2, which targets a H3-H4 tetramer by interacting with its periphery without interfering with the tetramerization interface 59 . Our data add NP to the list of histone chaperones that can bind in vitro both association states of H3-H4 with high affinity, forming however complexes with different structural properties. In the complex with the tetramer, the C-terminal tails of NP create an internal cage 20 where histones are stabilized in a conformation similar to that found in the nucleosome. This mode of binding ensures that once removed from DNA by remodelling factors, H3-H4 tetramers could be directly transferred to NP, which would stabilize them avoiding splitting and mediate their deposition into newly synthesized DNA. This interpretation is reinforced by the ability of NP to transfer cross-linked H3-H4 tetramers to DNA. It is also tempting to speculate that the different modes of binding of H2A-H2B and H3-H4 at the surface of the chaperone and buried within the NP cage, respectively, might be related with their different exchange rates. The accessibility of the confined NP-bound H3-H4 tetramer could be regulated by additional proteins and/or DNA. The finding that NP is even able to bind and assist in the deposition of H3-H4 dimers onto DNA forming disomes in vitro, as found for Asf1 32 , also points to a possible role of NP as a reservoir of soluble H3-H4 and in the incorporation of newly synthesized H3-H4 into DNA. The versatility of NP to transfer H3-H4 dimers and tetramers and its relatively high affinity for both association states of these core histones suggest that NP could regulate the histone species that are available for direct deposition onto DNA during transcription and replication.
In summary, data presented here show that NP binds in vitro both linker and core histones with high affinity (apparent K d in the subnanomolar range), forming complexes with different stoichiometry and architecture. The affinity of the chaperone for its basic ligands is modulated by the accessibility of the acidic tract at the intrinsically disorder distal face, which in turn is regulated by phosphorylation. We demonstrate that the use of the same structural region of the chaperone to interact with all types of histones facilitates histone exchange, an essential process for nucleosome dynamics. Linker histones and H2A-H2B competition for NP binding might favour the synchronized sperm chromatin decondensation and release of the maternal H2A-H2B dimer bound to NP to assemble the male pronucleus. Our data also point to the ability of NP to form stereospecific complexes with histones that could be related to the efficient deposition of histone components during nucleosome assembly. Binding of H3-H4 tetramers in a nucleosomal conformation could facilitate eNP-mediated transfer of the tetramer during replication and transcription. The flexibility of the disordered distal region could also aid in the structural adaptation of NP to form different complexes with these ligands.
Materials and Methods
Protein purification. Oocyte NP (oNP) and egg NP (eNP) from X. laevis were purified as previously published 13 . Recombinant NPs (full-length and two truncated variants that lack the last 50 -rNPΔ 150-200-or 80 -rNPΔ 120-200-residues) were expressed and purified as described 13 . Natural source H2A-H2B, and H3-H4 were obtained from chicken erythrocyte chromatin upon elution from a hydroxyapatite column 60 and kept at 4 °C in 2 M NaCl until use. H1 and H5 were obtained from chicken erythrocyte chromatin 61 . Recombinant histones, including mutants (H2BT112C, H3C110E, H3C110A, H4T71C) and (H3C110AK115C, H3C110EK115C) were expressed, purified and reconstituted according to previously published protocols 25, 58 . The cross-linked tetramer was prepared as described 28 at a dimer (H3C110AK115C-H4T71C)/bis-maleimidoethane (BMOE) (Thermo Fisher Scientific) molar ratio of 1/1. The cross-linking efficiency, as seen by SDS-PAGE, was 80% and the cross-linked tetramer was used directly in the NP-tetramer interaction assay. NP concentration was determined by the bicinchoninic acid assay (Sigma), and, unless otherwise stated, is given for its pentameric form. The concentration of natural source histones was determined by absorbance at 230 nm, using extinction coefficients of ε 230 = 4.3 cm 2 mg −1 for the H2A-H2B dimer and ε 230 = 4.1 cm 2 mg −1 for the H3-H4 dimer, all in water. H1 and H5 were quantified according to 61 . The concentration of recombinant histones was estimated by densitometry using known amounts of H3-H4 or H2A-H2B as standards. Histone concentration is given for the dimeric species (H3-H4 and H2A-H2B). Molar ratios are expressed as NP pentamer/H3-H4 or H2A-H2B dimer or linker histone monomer. Preparation of DNA. The DNA fragment of 207 bp containing the Lytechinus variegatus rDNA sequence was prepared by restriction enzyme digestion, HhaI (New England Biolabs) and RsaI (Sigma), with subsequent gel purification from the plasmid p5S207-12, followed by PCR amplification using the (F: 5′ act tgc atg gga gac cgc ctg gga ata c/R: 5′ act aac cga gcc cta tgc tgc ttg act t) primers and DNA gel purification.
Antibodies.
Analysis of the Disome and Tetrasome complexes. Salt dialysis assembly. Nucleosomes, containing H3C110AK115C-H4 tetramers, and tetrasomes were assembled by salt dialysis as described 62 . 207 base pair DNA, comprising the 5S rRNA gen of Lytechinus variegatus, was mixed at a DNA/H3-H4 tetramer and octamer molar ratio of 1/1 in 2 M NaCl, 20 mM Tris-HCl, pH 7.5, and 0.2 mM EDTA. The final DNA concentration was 0.1-0.2 mg/ml. Samples were subjected to stepwise salt dialysis to reach a NaCl concentration of 0.15 M.
NP-mediated assembly. NP/H3-H4 complexes assembled at different NP/H3-H4 molar ratios were mixed with DNA (207 bp; 0.4 μ M final concentration) in 150 mM NaCl, 20 mM Tris-HCl, pH 7.6, 0.2 mM EDTA, 1 mM DTT, 10% glycerol, 0.2 mg/ml BSA. The DNA/H3-H4 tetramer molar ratio was kept at 1/1. Disome and tetrasome assembly was analysed by 6% Native-PAGE electrophoresis. Gels were stained with SYBR Green EMSA (Life Technologies, Oregon), and the relative amount of tetrasomes and disomes was estimated by densitometry using the Quantity One Program (BioRad). The NP-mediated assembly was estimated as X i /X o ; where X i is the intensity of the disome or tetrasome band obtained in the presence of NP, and X 0 that measured in the absence of the chaperone.
Fluorescence spectroscopy assays. Protein labelling. H2BT112C and H4T71C were labelled with Alexa 488 (Invitrogen) at a protein/fluorescent probe molar ratio of 1/5, in 20 mM Tris-HCl, pH 7.2, 1 mM TCEP (Tris (2-carboxyethyl) phosphine), 6 M guanidine hydrochloride, and incubated overnight at 4 °C as indicated 63 . Labelled histones were mixed with H2A, H3C110A, H3C110E or H3C110AK115C to reconstitute complexes 25 that were purified by size exclusion chromatography with a Superdex 200 16/60 column (GE Healthcare). Labelling efficiency was 75% and 40% for H2BT112C and H4T71C, respectively. The concentration of labelled histone dimers was estimated by densitometry using known amounts of H2A-H2B and H3-H4 as standards.
Fluorescence titration assay. Fluorescence at 519 nm was measured in a Horiba Jobin Yvon Fluorolog-3 Spectrofluorometer, after excitation at 495 nm, using excitation and emission slits of 8 nm. The affinity of each NP species for the different types of histones was estimated by titrating different concentrations (0.1-10 nM) of labelled histones with increasing chaperone concentrations. The normalized fluorescence change (Norm FC) was determined once the fluorescence signal had reached equilibrium 25 , and plotted as a function of protein concentration. Experiments with H2A-H2BT112C, H3C110A-H4T71C and H3C110E-H4T71C were performed in 150 mM NaCl, 20 mM Tris-HCl, pH 7.6, 1 mM DTT, 0.1 mg/ml BSA, and with cross-linked H3C110AK115C-H4T71C, in 150 mM NaCl, 20 mM Tris-HCl, pH 7.6, 1 mM DTT, 1% glycerol, 0.05% Tween 20. The normalized fluorescence change was calculated according to the following equation:
Fobs Fo Ff Fo where F obs is the experimental fluorescence; F 0 is the fluorescence in the absence of NP; and F f is the fluorescence intensity at saturating NP concentrations. Binding stoichiometries were estimated by titrating a concentration of labelled histones 10 times higher than the apparent K d of complex formation with the corresponding NP. Fluorescence intensity changes until NP is saturated with histones, and the molar ratio at the inflection point gives the number of NP and histone molecules in the saturated complex.
Data analysis.
To analyse the fluorescence titrations, we have considered a ligand-depleted binding model in which NP has 5 potential binding sites for H2A-H2B dimers, as indicated previously 19 and suggested by data presented herein. Mass conservation coupled to chemical equilibrium leads to the following equation: 
T T n n n n As described above, solving that equation allows calculating the concentration of complex and the fluorescence signal, F, as a function of reactant concentrations: EC 50 is the linker histone concentration that reduces the amount of NP/H2A-H2B-Alexa complex signal by 50% and depends on the labelled H2A-H2B concentration and the competitor's binding affinity as described 46 . Once the apparent K d for the NP/H2A-H2B complex is known, that for the NP/linker histone complex is calculated by the Cheng-Prusoff equation FRET experiments. The association state of H3-H4 bound to NP was analysed using two different populations of H4T71C labelled with Alexa Fluor 488 (acceptor) or Alexa Fluor 350 (donor). Reconstituted labelled H3-H4 histones were extensively dialyzed in 150 mM NaCl, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 5 mM β -Mercaptoethanol. Equimolar mixtures of H3-H4T71C-Alexa 488 and H3-H4T71C-Alexa 350 were incubated with different NP concentrations in 150 mM NaCl, 20 mM Tris-HCl, pH 7.6, 1 mM DTT, 0.1 mg/ml BSA. Histone concentration was kept at 1 μ M and NP/histone complexes and controls were incubated for 1 h at room temperature. Longer incubation times did not change the FRET signal. Emission spectra were recorded between 400 and 600 nm, using an excitation wavelength of 359 nm and setting both the excitation and emission slits at 2 nm, in a Horiba Jobin Ybon Fluorolog-3 Spectrofluorometer.
Cross-linking experiments. H3C110AK115C-H4T71C or H3C110EK115C-H4T71C/chaperone complexes were formed at 25 °C in 150 mM NaCl, 20 mM Tris-HCl, pH 7.5, 1mM EDTA, after incubating different eNP concentrations with a constant histone concentration (1 μ M dimer) during 1 h. BMOE was added at a cross-linker/histone dimer molar ratio of 1/1 and the reaction was allowed to proceed for 60 s at room temperature. Afterwards, 1 mM DTT was added to quench the reaction 28, 58 . Quenching proceed for 5 minutes before SDS loading buffer was added and samples were boiled at 100 °C and resolved by NuPAGE (4-12% acrylamide) (Life technologies, Carlsbad, CA, USA). NP and histone bands were analysed by western blot and the antibodies were detected with the chemiluminiscence method (Super Signal West Pico Chemiluminescent substrate, Thermo Fisher Scientific). Quantification was done by densitometry using the Quantity One Program (BioRad).
